Objective: To examine the association between interferon-b (IFN-b) and potential adverse events using population-based health administrative data in British Columbia, Canada.
Multiple sclerosis (MS) is a chronic inflammatory demyelinating and degenerative disease of the CNS causing pronounced neurologic disability. MS affects z2.3 million individuals worldwide 1 ; z85% are initially diagnosed with relapsing-remitting MS (RRMS), characterized by clearly defined exacerbations and periods of disease stability after recovery. Several pharmacologic treatments have been developed for RRMS, including the first-line therapy interferon-b (IFN-b). The IFN-bs are modestly effective, reducing relapse rates by about one-third and having a beneficial effect on imaging outcomes, 2 but findings regarding longer-term effects on disability have been mixed. 3, 4 The IFN-bs are generally considered safe, especially compared to newer agents for MS. 5 However, few studies have systematically assessed their safety in real-world clinical practice (appendix e-1 at Neurology.org). 5 A meta-analysis of 9 clinical trials estimated that patients treated with IFN-b had a 2.8-fold increased risk of discontinuing drug because of an adverse event compared to the placebo group. The most common adverse events were flu-like symptoms, injection-site reactions, leukopenia, lymphopenia, and elevated liver enzymes. 6 However, because of their short duration and relatively small sample sizes, clinical trials cannot identify all potential adverse effects of a drug treatment or predict the safety of the drug in clinical practice. Furthermore, participants in clinical trials are highly selected in terms of comorbidities and concomitant medications and often differ substantially from patients who use the drug once it reaches the market. We identified signals of potential adverse events related to IFN-b treatment in a large population-based cohort of patients with RRMS.
METHODS Data source and setting. This study used prospectively collected clinical data and population-based administrative health data from the province of British Columbia (BC), Canada. MS-specific clinical data were obtained from the British Columbia Multiple Sclerosis (BCMS) database, 4 which contains information onwards patients who first attended 1 of the 4 MS clinics in BC (1980 on). We accessed a cohort of BCMS patients whose clinical data were previously linked to BC administrative data and stripped of personal identifiers (data spanned 1980-2008; linkage and deidentification were completed in 2010). 4 Data linkage was performed at the individual level with the use of personal health numbers (a unique lifelong identifier). Once linked, it is not permissible to reidentify an individual patient. The linked administrative data included PharmaNet (filled drug prescriptions), 7 Medical Service Plan Payment information (physician visit dates with diagnoses coded using the ICD-9/10), 8 the Discharge Abstract Database (hospital discharge diagnoses, coded as ICD-9/10), 9 Census Geodata (aggregated data on neighborhood socioeconomic status), 10 Vital Statistics (death dates), 11 and the BC Registration and Premium Billing File (registration status in the mandatory provincial health care plan, enabling confirmation of residency in BC, as well as age and sex). 12 Standard protocol approvals, registrations, and patient consents. The Clinical Research Ethics Board of the University of British Columbia approved the study, which included patient consent.
Study population. All patients with definite RRMS according to the Poser or McDonald criteria who were eligible for IFN-b treatment and first registered at a BCMS clinic between July 1, 1995, and December 31, 2004, were selected. Eligibility criteria for IFN-b treatment (first licensed in Canada in 1995) were broadly adapted from the BC government's reimbursement scheme and were defined as age $18 years, definite relapsingonset course, and ability to walk (Expanded Disability Status Scale score #6.5). Because of the reimbursement requirements and availability of the MS specialist neurologists in BC, .99% of patients receiving IFN-b before 2005 would have been assessed at a BCMS clinic and captured in the database. 13 The cohort entry date was defined as the first recorded BCMS clinic date at which eligibility criteria were met for each individual. Before cohort entry, all patients had to be resident in BC and free of the study outcome of interest for at least the previous year and not enrolled in an MS clinical trial or exposed to another disease-modifying drug (DMD). All patients were followed up until the study outcome, death, absence from BC (.3 consecutive months), exposure to non-IFN-b DMDs, or December 31, 2008 (study end date), whichever came first.
Identifying the study outcomes. The incident outcomes (i.e., potential adverse events) were selected after a comprehensive literature search, including product monographs (appendix e-1). [14] [15] [16] Incident cases of the potential adverse events arising during the study period were identified with the use of ICD-9/ 10 diagnostic codes from physician and hospital visits (appendix e-2). The ICD-9/10 codes for adverse drug events were not used because they are nonspecific and likely underrepresent the number of adverse drug events.
Analytic approach and defining the exposure. We used a 2-step approach, including an incidence analysis to estimate the incidence of the potential adverse events in the linked cohort followed by a series of nested case-control studies, one for each selected potential adverse event. This approach provides an efficient study design and has been shown to yield virtually identical findings as a Cox regression model using the full cohort 17 and therefore should not affect findings. We estimated the incidence rates by dividing the number of incident cases by the total number of person-years of follow-up, expressed per 1,000 person-years. Based on the incidence rates, potential adverse events were selected, regardless of exposure to IFN-b, for further study (table e-1).
Drug exposure information (i.e., start and stop dates) was obtained primarily from PharmaNet, supplemented by the BCMS database (for data such as participation in clinical trials). For the nested case-control models, exposure to IFN-b before the first identification of the potential adverse event, i.e., the index date, was described as ever exposed ($1 dispensations of IFN-b vs no record of exposure before the index date). In addition, the cumulative duration (days) of IFN-b treatment was categorized as none, .0 to #2 years, or .2 years. Recentness of use was defined as current use (IFN-b exposure within 3 months before the index date) or past use (.3 months before the index date); these were each compared with nonuse (0 days).
Nested case-control sampling. To avoid underpowered comparisons, only potential adverse events for which at least 30 incident cases were observed in the incidence analyses were selected for further analysis. For each case, we randomly selected up to 20 controls matched by age (65 years), sex, and cohort entry year and randomly selected from the population of patients at risk for the condition of interest at the case's index date (i.e., by incidence density sampling). This method ensures that cases and controls have comparable follow-up duration.
We assessed the effect of potential confounders beyond the matching factors on the associations between each adverse event and IFN-b treatment (ever, cumulative duration, and recentness of use). Potential confounders were included in the final model if they independently changed the estimated effect for IFN-b exposure by $10%. 18 Potential confounders, as measured at cohort entry, included MS-related clinical characteristics (disease duration, and Expanded Disability Status Scale score [disability level] categorized as #4 or .4) and socioeconomic status expressed as quintiles of average neighborhood relative to regional income and generated from Statistics Canada's Postal Code Conversion File using income data from the Canadian population. 10 Other potential confounders considered were the prebaseline comorbidities (defined as one relevant ICD code in the year before cohort entry date) with which IFN-b should be used with caution (i.e., depression, epilepsy, hematologic abnormalities, or renal, liver, thyroid, or heart diseases). [14] [15] [16] To minimize the risk of residual confounding by age, all models were adjusted for age in years (as Table 1 Characteristics of the MS study population at cohort entry (eligibility date) We assessed the association between IFN-b exposure and potential adverse events using multivariable conditional logistic regression, with findings reported as odds ratios (ORs) with 95% confidence intervals (CIs). For this exploratory study, we purposely avoided any specific a priori hypotheses and did not adjust for multiple comparisons.
Analyses were performed with SAS, version 9.3 (SAS Institute Inc, Cary, NC).
RESULTS From the linked cohort of 6,603 patients with MS, 2,485 patients with RRMS were eligible for inclusion (figure). Among these patients, 1,770 were followed up until the study end date, 380 were followed up to the initiation of an immunosuppressant for treatment of MS or a non-IFN-b DMD (78% of whom started with glatiramer acetate), 103 died, and 232 left the province. At the cohort entry date, the mean age of the 2,485 patients was 41.3 (SD 10.0) years, and 77.9% were women (table 1) . During a mean follow-up of 8.0 (SD 3.8) years, 1,031 (41.5%) were treated with an IFN-b.
Incidence analysis. From the incidence analyses, 27 of the 47 of the examined clinical conditions (potential adverse events) were identified with at least 30 cases regardless of treatment exposure (table e-1).
Nested case-control analyses. Each of the 27 clinical conditions were studied in separate nested casecontrol analyses (tables 2-4 and tables e-2-e-4). Cases and controls were similar for the matching variables of age, sex, and follow-up time to the adverse event ( The baseline characteristics for the cases and controls in the nested case-control studies of stroke, migraine, depression, and hematologic abnormalities are summarized in table e-5. Comorbidities were generally distributed similarly between these cases and their controls.
The associations between cumulative duration and recentness of IFN-b treatment and most common potential adverse event are reported in tables 3 and 4. The odds of stroke, migraine, and hematologic abnormalities within the exposure subgroups were consistent and in the same direction as those from the main analyses. The association between IFN-b and depression was observed only within 2 years of exposure (#2 years); it was not evident with longer exposure (.2 years). Findings were similar for insomnia. Infection risk differed according to the duration of IFN-b exposure; while a shorter-term exposure (#2 years) was associated with an increased risk of upper respiratory and other infections, a longer-term exposure (.2 years) was associated with a reduced risk of both bronchitis and upper respiratory infections. Current (but not past) IFN-b users had elevated odds of hypertension.
DISCUSSION By conducting a series of nested casecontrol studies in a large cohort of patients with RRMS from BC, we found that exposure to the IFNbs was associated with a 1.8-fold increased risk of stroke, a 1.6-fold increased risk of migraine, and a 1.3-fold increase in the risk of depression and hematologic abnormalities. were weighted by the inverse number of controls in each set. c MS disease duration: the years from MS onset to the date of eligibility for IFN-b treatment (cohort entry). d Follow-up time: the years from cohort entry to the date of the event in the case and equivalent date in the controls (index date). e Adjusted for age (in years) at the cohort entry date; no other covariates were included in the final models because none were associated with case/control status. Table 3 ORs for IFN-b treatment, specified by cumulative duration (£2 and >2 years) relative to the unexposed patients with MS Potential adverse event No. 
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Our study is a comprehensive assessment of the potential risks for a broad range of adverse events related to IFN-b in the real-world clinical setting. Several of the adverse events that we observed to be associated with IFN-b exposure such as migraine, hematologic abnormalities, and depression are included in the known safety profile of the IFN-bs. Stroke, on the other hand, is not well recognized as a potential adverse event, being limited to a few case reports. 19, 20 Nonetheless, it is biologically plausible that this event is associated with IFN-b because this drug may alter wall competence or enhance the major histocompatibility complex-1 molecule expression of platelets and other cells, 21, 22 resulting in enhanced platelet adhesion to the endothelium. 22, 23 Furthermore, it has been reported that IFN-b may exacerbate other underlying autoimmune diseases (such as vasculitis). 24 Alternatively, when patients experience flulike symptoms caused by the IFN-bs, treatment with acetaminophen or nonsteroidal anti-inflammatory drugs is recommended. Several studies have suggested an association between nonsteroidal antiinflammatory drugs and the risk of stroke, although the data have been inconclusive. 25 Another possibility is that the symptoms of MS could mistakenly be attributed to other causes, e.g., stroke, 26 although to explain our findings, this misclassification would have to occur more frequently in the IFN-b-treated relative to untreated group, which seems unlikely. Our observation of an elevated risk of migraine extends previous findings; 2 other observational studies showed that patients treated with IFN-b experienced headaches/migraine more often than patients treated with glatiramer acetate or natalizumab. 27, 28 However, 4 clinical trials did not report higher rates of headaches in patients with MS treated with IFN-b compared to those treated with placebo. [29] [30] [31] [32] This apparent difference with our study findings may be partially explained by the inclusion of headaches as a flu-like symptom, rather than reporting them separately in these clinical trials. 27 A biological rationale for an increased risk of migraine may involve interleukin-10 expression activated by IFN-b via the nuclear factor-kb pathway 33 ; interleukin-10 appears to play a role in the pathogenesis of migraine. 34 Hypertension can also increase the risk of both migraine 35 and stroke, and we observed a higher risk for hypertension among current users of IFN-b, which might point to a common pathway.
In accordance with our finding of an increased risk of hematologic abnormalities, a meta-analysis of placebo-controlled IFN-b clinical trials reported a relative risk of 2.7 for leukopenia and 1.2 for lymphopenia. 6 Increased risk for anemia was reported in one of the pivotal IFN-b clinical trials 32 and is included in all product monographs as a less common event. [14] [15] [16] In our study, individuals with hematologic abnormalities made up a high proportion of anemic patients. The immunomodulatory properties of IFN-b may be responsible for initiating leukopenia and lymphopenia 23 and an increased cytokine release, which may result in the hematopoietic inhibitory responses, explaining the occurrence of anemia. 36 Several postmarketing studies have investigated the association between IFN-b exposure and the risk of incident depression with conflicting results. 37 One clinical trial of 383 patients with relapsing MS was in line with our findings and showed higher incidence rates of depression in the IFN-b-treated patients than in the placebo group. 32 Others, however, have shown no association between the IFN-bs and depression. 6, 37 Apparent differences between studies might relate to study designs, measurements for depressive symptoms, treatment of depression, or inclusion of patients with a history of depression. To minimize the last one, we excluded patients with a history of depression in the year before the cohort entry date. However, it remains possible that individuals with Table 3 Continued Potential adverse event No. Abbreviations: CHD 5 coronary heart disease; CI 5 confidence interval; IFN-b 5 interferon-b; MS 5 multiple sclerosis; OR 5 odds ratio; URI 5 upper respiratory infections. a To account for any variation in the number of controls per case between risk sets, all proportions and percentages reported for controls are weighted by the inverse number of controls in each set. b Adjusted for age (in years) at the cohort entry date; no other covariates were included in the final models because none were associated with case/control status. Table 4 ORs for different potential adverse events with IFN-b treatment, specified by recentness (current and past) of use in cases and controls Continued a more remote history of depression could have been included. We found that the increased risk of depression (and insomnia) was evident only in patients with ,2 years of exposure to IFN-b. Our observation of a reduced risk of bronchitis and upper respiratory infections with .2 years' exposure to IFN-b is in line with previous work from our group (using the same source BCMS cohort) in which cumulative exposure to IFN-b was associated with a lower rate of more generally defined respiratory disease-related hospital events. 38 Although the exact mechanism of action of the IFN-bs is not fully understood, they are known to have antiviral effects 23 and are naturally produced endogenously to facilitate host antimicrobial and immunoregulatory responses to infection. 39 This study has several strengths. We comprehensively assessed multiple potential adverse events of IFN-b treatment using a nested case-control design (the association between exposure to IFN-b and the risk of cancer was studied in detail in previous work from our group). 40 We had access to all hospital, physician, and IFN-b exposure data for patients with RRMS, all of whom were diagnosed by neurologists specializing in MS. The proportion of IFN-b-treated patients during follow-up was typical of that in population-based studies conducted over a similar time period. 4, 13, 40 In a universal health care system in which DMDs are covered, potential reasons for not starting a drug might include stable disease, needle phobia, or unwillingness to receive a noncurative treatment. 4 However, the detection of our outcomes required a patient to access the health system; we were therefore unable to consider self-limiting or selfmanageable episodes such as transient flu-like symptoms. Although we were able to consider the potential influence of socioeconomic status and the presence of previous comorbidities, we were lacking information on other important potential confounders such as health behaviors, treatment adherence, family history, and other lifestyle factors.
Data on IFN-b exposure in our study were based primarily on prescription dispensations, which have been shown to be a reliable reflection of drug exposure as determined by home inventory. 41 We also had access to detailed start and stop dates for the IFN-bs to supplement these data. Nonetheless, we assumed that patients who were on drug or actively filling their prescriptions were adherent. This assumption could have resulted in some misclassification of dose or recentness of IFN-b exposure; however, the main findings and their interpretation should not be influenced by this. Furthermore, given the high cost of IFN-bs (which includes some copayment on the part of the patient), it is unlikely that patients repeatedly fill these prescriptions and do not use them.
Patients starting IFN-b treatment may have visited a health care professional more often or may have been more carefully examined, thereby increasing the likelihood that they would have a clinical condition detected. Conversely, those individuals who were perceived as more likely to develop a clinical condition might have been less likely to start a drug 42 ; however, we found no strong indication that comorbidities were differentially distributed between the cases and controls.
The use of only one claim to define a potential adverse event may have resulted in an overestimation of the absolute number of these particular events due to inclusion of some false positives. However, we would not expect our findings regarding the association with IFN-b to be influenced by more sensitive detection criteria unless the overestimation of adverse events differed by treatment status.
By presenting an extensive risk profile of the IFN-bs, our findings provide new insights into the benefit-risk ratio of the IFN-bs in the real-world setting. Our findings complement and extend those 
